Rochester Institute of Technology

RIT Scholar Works
Theses
7-2021

Greenhouse Gas Sensor using a Novel Conducting Polymer-GQD
Composite Material
Reeba Thomas
rt5228@rit.edu

Follow this and additional works at: https://scholarworks.rit.edu/theses

Recommended Citation
Thomas, Reeba, "Greenhouse Gas Sensor using a Novel Conducting Polymer-GQD Composite Material"
(2021). Thesis. Rochester Institute of Technology. Accessed from

This Thesis is brought to you for free and open access by RIT Scholar Works. It has been accepted for inclusion in
Theses by an authorized administrator of RIT Scholar Works. For more information, please contact
ritscholarworks@rit.edu.

R.I.T

Greenhouse Gas Sensor using a Novel Conducting Polymer-GQD Composite
Material
by

Reeba Thomas

A Thesis Submitted in Partial Fulfillment of the
Requirements for the Degree of
Master of Science
in
Materials Science and Engineering

School of Chemistry and Materials Science
College of Science
Rochester Institute of Technology
Rochester, NY
July 2021

School of Chemistry and Materials Science
College of Science
Rochester Institute of Technology
Rochester, New York

CERTIFICATE OF APPROVAL
The M.S. degree thesis of Reeba Thomas has been examined and approved by the thesis
committee as satisfactory for the thesis required for the M.S. degree in Materials Science
and Engineering
______________________________________________________________________________

Dr. K.S.V Santhanam

Date

Professor, School of Chemistry and Materials Science. (Advisor)

______________________________________________________________________________
_____________________________________________________________________________

Dr. Massoud Miri

Date

Associate Professor, School of Chemistry and Materials Science.
______________________________________________________________________________
_____________________________________________________________________________

Dr. Hans Schmitthenner

Date

Professor, School of Chemistry and Materials Science.
______________________________________________________________________________
_____________________________________________________________________________

Dr. Scott Williams (MSE Graduate Program Director)

Date

Professor, School of Chemistry and Materials Science.
______________________________________________________________________________

ii

ABSTRACT

The greenhouse gases in the atmosphere have been increasing drastically over the past
couple of years. A novel conducting polymer composite material was synthesized and used to fabricate a
greenhouse gas sensor with no or minimal interference from the greenhouse gases. Emeraldine Green (EG),
the partially oxidized form of polyaniline (PANI) was combined with Graphene Quantum Dots (GQD) to
enhance the gas sensing properties of PANI because of the larger surface area of GQD material. EG-GQD
composite material was synthesized and used as the active material. The active material was characterized
by electrochemical and spectroscopic techniques, to ensure the binding of the EG and the GQD particles. A
greenhouse gas sensor was fabricated by coating the active material on to the sensor substrate. The sensor
functioned based on the electrochemical changes in the active material on exposure to greenhouse gases. The
response of the interfering gases along with the analyte chosen was recorded. The sensor was tested on carbon
dioxide gas with a response time of 46 seconds for a concentration of 200 ppm and shows negligible
interference from methane gas at atmospheric concentrations.
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CHAPTER – 1

INTRODUCTION
As humans started relying on technology, the expeditious industrialization and modernization began to
happen, resulting in the immensely increased amount of greenhouse gases (GHGs) being emitted into the
atmosphere [1]. An increase in the emission of these gases, has resulted in an increase in the global warming,
and has contributed to various respiratory diseases. Some of the other effects include extreme weather,
disruptions in the food supply, wildfires etc. [1]. Hence, it has become imperative to monitor and control the
emission of the GFGs like Carbon dioxide, Methane, Carbon monoxide, Nitrous oxide, Ammonia,
Chlorofluorocarbons etc., so that earth and its life forms can be protected from further damages. Figure 1.1
shows the tremendous increase in the concentrations of GHG’s in the atmosphere from 1975 to the present
and the rapid increase in the concentration of all the gases can be clearly seen, except for the
chlorofluorocarbons.

Figure 3.1: The concentration of various GHGs in the atmosphere over the past couple of decades [1].
The presence of the GFGs in the atmosphere upsurges the temperature by trapping the heat and thus
maintaining the temperature on the earth’s surface, suitable for life and this phenomenon is the Greenhouse
gas effect. As a result of the effect, the temperature on the earth’s surface is much higher than the temperature
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that would have generated from the direct heating of the earth’s surface by the sun. The increase in the
emission of GFGs from human activities have further enhanced the greenhouse effect resulting in a positive
climate forcing [2]. The Summary on Climate Change by Royal Society [3], further suggested that even in
the absence of any external factors enhancing or reducing the climate change, there might be a change of 1⁰C
in temperature for the doubling of CO2 concentrations.

Figure 1.4: Greenhouse Effect [1]
Conventionally, the GHGs are measured by various methods like manometry, IR gas analyzer,
titrimetry, differential adsorption LIDAR, Fourier transform spectrometers, satellites (OCO, GO Sat),
Integrated Carbon Observation Systems etc. [3-6]. However, the methodologies are cumbersome, require
costly instruments and cannot be easily accessed by the public. If the data regarding the composition of the
GFGs in the atmosphere are made available to the public, daily, people would be more conscious and aware
towards the domestic emission of GHGs. This research is an earnest attempt to develop a two-stage GHG
sensor using a novel active material involving Graphene Quantum Dots (GQD) coupled with a conducting
polymer (CP) such as Emeraldine Green (EG). The first stage of the thesis is the synthesis of the GQD- EG,
composite material using the electrochemical methods followed by its characterization. The second part is
the application of the active material onto the interdigitated electrodes on the substrate and characterizing the
active material on the interdigitated electrode surface. The final stage is the calibration of the sensors. GQD
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and polyaniline (PANI) have been used in the sensors a lot lately and it is important to know about their
properties.

Graphene
Graphene is a two-dimensional [7-10] material that possess unique properties that makes it superior to
other materials thereby attaining the name “Wonder Material”. A monolayer of Carbon atoms arranged in
two-dimensional hexagonal lattice, was discovered first by Andre Geim and his student Konstantin
Novoselov [11]. They were awarded the Nobel Prize in 2010 for this discovery. The properties of graphene
are given in Table 1.1. Graphene is the thinnest material known and is incredibly stronger than most known
materials, for e.g., it is 200 times stronger than steel. At the same time, it is flexible, has exceptionally small
effective mass. It is a p-type semiconductor with larger hole to electron ratio [15]. Another advantage of this
material is its transparency. C.Neto et al. (2009) proved in his paper that graphene is an interesting mix of
semiconductor (in reference to the zero density of states) and metals (in reference to the absence of gaps) and
shows the properties of soft matter [11].

Table 2.1: Properties of Graphene

Thermal Conductivity

5000-5500 Wm-2k-1 [14]

Young’s Modulus

1100 GPa [14]

Specific Surface Area

2630 m2/g [15]

Electronic Mobility

>15000 cm2V-1s-1 [14]

Tensile Strength

130 GPa [12]

Mobility

40000 cm2V-1s-1 [12]

Graphene also has the property of uniform absorption of light along the visible and near IR regions of
the spectra. In addition to exhibiting unique properties, these can be modified on the application of electric
field, magnetic field, more layers, changing the geometry, chemical doping etc. As graphene can be made
from graphite and graphite one of the commonly available minerals, and hence graphene can be considered
as a readily available material. However, producing high quality graphene is still challenging. Graphene
production ranges from the high-quality single layer graphene to graphene flakes. The purity and the quality
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of the graphene required varies according to the application. Since it is only constituted of carbon atoms,
graphene can be considered eco-friendly.

Figure 1.3: Bottom-up Approach and Top-down Approach [14].
The graphene synthesis can be done in two approaches: The top-down approach and the bottom-up
approach. In the top-down approaches the layers of graphite are isolated and delaminated into single layer,
bi-layer, and few layers of graphene. Larger precursors like graphite or CNT are destructed to form graphene.
Some of the most common top-down approaches are mechanical exfoliation (scotch tape method), arc
discharge method, liquid phase exfoliation, unzipping of CNT etc. This method has the advantage of
producing high quality products. However, the reproducibility of the graphene properties is inconsistent [15].
In the bottom-up approach, graphene is synthesized from atom sized carbon sources, as shown in Figure 1.3.
Some of the methods are CVD, epitaxial growth, total organic synthesis etc. This method produces the most
high-quality graphene, but the production cost is expensive, and the production process is complex.
When a gas molecule is adsorbed onto the graphene surface, weak interactions occur between the
graphene surface electrons and the gas molecules thereby limiting the movement to small up and down
increments in the fermi level [16]. The gas molecules act as electron donor when the fermi energy level of
graphene is lower than the valence band of the gas molecule and it acts as an acceptor when the fermi energy
level of graphene is higher than the valence band of the gas molecule.
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GQD
One of the best advances in quantum mechanics was the discovery of Quantum Dots. Quantum Dots are
nothing but small sized, (lesser than 50 nm in most cases) semiconductor particles. They have attracted the
attention of the researchers and scientists due to the higher stability, better conductivity, and better adsorption.
Graphene Quantum Dots (GQDs) are zero-dimensional, semiconductor particles whose size ranges from
3 nm to 20 nm and have one or more graphene sheets of thickness less than or equal to 5 nm. The
morphological features of GQD are like graphene as well as carbon dots and hence has the benefits of both.
Until a couple of years back, most of the applications and studies were based on the
photoluminescence and areas related to it. However, the studies have now expanded towards exploring other
magnificent properties of GQD, like high transparency and larger surface area. Also, the conductivity of
GQD is much larger. As mentioned in the synthesis of graphene, GQD synthesis also uses the top-down and
bottom-up approach. The yield of GQD from graphite is not high and the synthesis involves a lot of complex
steps.
In consequence of the unique properties of GQD, they have promising applications in lots of areas like
biomedicine, sensors, optoelectronics, optics, electronics, and energy and environment. Owing to the
different types of properties, different kinds of sensors can be made from GQD. Some of which are
photoluminescence chemosensors, chemiluminescence chemosensors, electroluminescence chemosensors,
electrochemical chemosensors, optical biosensors, electrochemical biosensors, and photoelectrochemical
biosensors [13].

Conducting Polymers
Conducting Polymers have become a familiar term to the scientists and researchers ever since the
discovery of the electrical conductivity of polyacetylene (PAc) in the year 1977 by Hideki Shirakawa, Alan
Heeger and Alan MacDiarmid, who shared the Nobel Prize for the same in the year 2000 [18]. Most known
polymers were insulating in nature [16], until a silvery film of PAc was synthesized from acetylene using a
Ziegler-Natta catalyst by the Shirakawa research team in 1974 was found to be conducting. However, the
conductivity was much lower than expected, despite the metallic appearance. Later in 1977, their
collaborative research team was able to obtain a much higher conductivity yield on oxidizing PAc with
halogen vapors [17]. The discovery of conductivity in polymers lead way to better understanding the physics
5

of condensed matter and started a new area of studies. CPs are organic polymers exhibiting unique electrical
properties owing to the chemical structure of their polymer backbone, where the π-conjugated electrons are
present [17]. The CPs in their natural form have lower conductivity than the doped CP’s, which could be
explained by the lack of charge carriers in the intrinsic form.
Table 1.2: Structural Formula and the electrical conductivities of some CP's [16,17]

Phenomenologically, doping of CP is like the inorganic doping in semiconductors, to achieve the desired
metallic properties. However, in CP the doping refers to the chemical oxidation or reduction while in
semiconductors it refers to addition of impurities [21]. On doping i.e., undergoing chemical oxidation or
reduction process, CP’s can have conductivities in the range of metals and semiconductors [16]. According
to Heeger et al. the doped CP shows increased conductivity for two reasons. Firstly, the increased carrier
concentration at each monomer site due to the doping and secondly, the attraction of the electrons to the
neighboring nucleus causing a charge delocalization [20].
In the process of oxidation of CP, the electrons are removed from the valence band (VB) and the charge
developing in the conduction band (CB), which later delocalizes within the polymer causing a change in the
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geometry of polymer to a more energetically favored form. This results in presence of positive charge is
known as p-type doping [16]. In the process of reduction, the electrons are injected into the CB thus resulting
in the development of negative charge in the polymer chain. This is known as n-type doping. In both the
cases, there will be associated ions of opposite charge present in the polymer chain as the counter ions. The
doping of CP’s resulting in the change in electronic structure often manifested through the change in electrical
property, mass variations, color of the material, and spectral changes.
Synthesis of CP’s
The synthesis of CP’s is not always a single step process as it involves charge development in the π
conjugated electrons. However, unlike the doping in the semiconductors, the dopant can be added either
during the synthesis or added in a later stage or can be replaced with any other desired dopant material to
engineer favorable characteristics in the CP’s according to the application. CP’s can be synthesized by the
following methods [19-22]:
A. Direct Polymerization of Method: This involves the oxidation or reduction of the monomers and the
polymerization of the resultant monomer [21]. Chemical and Electrochemical methods are mostly used in
research laboratories and industries [29].

(1.1)

In this chemical polymerization reaction, aniline reacts with potassium dichromate (IV) in the sulfuric acid
medium to give PANI.
B. Electrochemical Method: Anodic oxidation and cathodic reduction are the electrochemical methods with
more preference to the prior method as this method can give potential control over the synthesis. The
electroactive monomers are oxidized/reduced on the respective electrode. This method is pivotal as it is costeffective, is reproducible, and can control the output (thickness of thin films).
C. Metathesis Method: In these type of reactions, two compounds react with each other and exchange one
fraction of each compound, thus resulting in two new compounds as the products.
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(1.2)

The equation shows the reaction of dichlorobenzene with Sodium amide at 220˚C for 12 hours in an organic
medium for metathesis formation of PANI without aniline as the monomer [21].
D. Photochemical Method: In this method, polymerization is enhanced by the absorption of energy in the form
of light. Even though it is a quick and inexpensive method, it can only be used for the synthesis of some
CP’s. It can be done in two ways [21]. First is the photoexcitation of the monomer wherein, the monomer
which is already conductive in nature acts like the sensitizer and absorbs light energy and gets excited. When
the monomer gets excited, it initiates the polymerization of the monomers that are not already excited. Second
way is the photopolymerization using photocatalyst like ruthenium complex or horseradish peroxidase
catalyzing the process by absorbing the radiated light of certain wavelength and electron transfer occurs
between the excited species and the electron acceptor thereby resulting in the formation of oxidants that can
further polymerize the monomers. Aniline can be photopolymerized using horseradish peroxidase [19].
E. Emulsion Method: This method is a heterophase polymerization i.e., the polymerization of each phase is
directly dependent on the amount of the radical present. It consists of emulsion of water and weakly polar
organic solvents along with emulsifier, protonating agent, and oxidant. As PANI is insoluble in most solvents,
this method is suggested to be one of the best production methods with good stability and high molecular
weight and reasonable electrical conductivity [18,25].
F. Inclusion Method: In this method, the composite materials are synthesized at much lower-dimensions
(atomic/molecular levels) and has a lot of potential. There are on-going studies on synthesizing composites
of polymers with organic materials using the inclusion method and Miyata et al. has succeeded in the
synthesis [26].
G. Solid State Method: The organic synthesis performed in the solid state is known as the Solid-State method
of synthesis i.e., in this method the polymer chain lengths are grown using heat in the absence of oxygen and
water [21]. This method is used mostly for the industrial production of bottle grade PET.
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Doping Mechanism of CP’s
CP’s can be doped to increase their conductivity to the metallic levels and the most common methods are
as follows:
A. Chemical Doping by Charge Transfer Method: In this method, the CPs are doped by oxidation for p-type
doping or reduction reaction for n-type doping. The equations can be given as [18, 19]:
p-type:
(1.3)
n-type:
(1.4)

The M and A in the reaction denotes the cation and the anion respectively. Even though charge transfer
method is simple, effective, and gives good yield, it is not easily controllable to obtain the intermediate stages.
B. Electrochemical Doping: In this method, a potential is applied to the electrodes and as result of which ions
diffuse in and out of the polymer from the electrolyte solution giving the electronic charge. The doping level
is dependent on the potential difference between the conducting polymer and the CE. Once the
electrochemical equilibrium is attained, the voltage between the CP and the CE determines the doping level
[19].

Figure 1.4: Setup for Electrochemical Doping.
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C. Doping by Acid-Base Chemistry: This is a unique doping method wherein the polymer is protonated by the
acid-base chemistry that results in a redox reaction that converts the CP to more metallic state there by
increasing the conductivity. This is method is widely used in doping of PANI. The charge transfer mechanism
involved in this method is discussed in detail in the later section.
D. Photodoping: In this method, the formation of electron-hole pair and further separation into free carriers
occurs because of the redox reaction due to the photo absorption [19,20]
p-type:
(1.5)
n-type:
(1.6)

E. Charge Injection at Metal-CP interface: In this method, the electrons and the holes are injected into the metal
– CP interface, thereby leading to either oxidation or reduction depending on the charge injected. This method
of doping is different from chemical or electrochemical method as there is no counter ions involved.
Properties
The unique properties in CP’s made it, captivating to the science world. Unlike other organic
polymers, CP’s exhibit good electrical conductivity in the range of metals and semiconductors as shown in
Figure 1.5. Their main structural characteristic is the presence of alternating π bonds. The extended π system
in the CP’s undergoes redox reaction easily and this alters the electrical and the optical properties of the CP.
The ease in controlling the properties of CP is another unique feature exhibited by CP’s. The raw materials
are readily available, inexpensive, and the synthesis is simpler on comparison with the fabrication processes
for the inorganic semiconductors. The doping in CP’s can be reversed and the original polymer can be
obtained with no or minimal damage and can further be doped [18,27]. Electric Conductivity, reversible
doping and de-doping, optical transparency, mechanical flexibility, environmental stability, light weight,
corrosion resistance, and easy processing [18,21].
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Figure 1.5: General Conductivity of CP's [29]
CP’s exhibits pseudo-capacitance which can be explained by the storage of charge in their bulk
chain as the fast, redox reaction occurs [27]. This property was first discovered and reported by McNeil et
al. in 1963 and built supercapacitors using the same by the 1990’s. CP’s exhibits photoluminescence and
electroluminescence, wherein the prior is the emission of light because of excitation due to absorption of
light whereas the latter is due to the electric excitation [29]. It was first reported in PPV in 1990 by
Burroughes et al. [30]. Owing to the low hydrogen content, CP’s have good chemical, oxidative and thermal
stability [17]. Some other interesting properties exhibited by CP’s include microwave absorption [31],
magnetism [17], and environmental stability [31].
Preparation of CP Films
The deposition of active material film on the sensor substrate is a crucial part in the construction of
the sensor. Depending on the sensing mechanism and the sensing configurations, different techniques can be
implemented for the preparation of the films:
i)

Electrochemical Deposition: This is one of the most convenient methods for the deposition of the

active materials. The thickness of the layer can be controlled by controlling the potential applied across the
electrodes. This technique is mostly used for chemiresistive sensors.
ii) Dip-coating: In this technique, the substrate is dipped into the chemical polymerization solution and
the CP layer will be deposited onto the surface. The thickness can be controlled by the time dipped in the
solution.
iii) Spin-Coating: In this method, the polymer solution is spread onto a rotating substrate and a CP film
is formed on the substrate as the solution dries. The thickness of the film can be controlled by the
concentration of the solution and the speed of the rotation.
iv) Drop-Coating: Polymer solution is dropped onto the substrate and is let to evaporate to form the
coating. A major disadvantage is the non-uniformity in the resultant film.
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v) Layer-by-layer (LBL) self-assembly technique: The substrate is coated with CP film by alternatively
immersing in polymeric cation and polymeric anion solution. The thickness of the film can be controlled by
the number of the immersing repeated.
Langmuir-Blodgett (LB) technique, Thermal evaporation, Vapor deposition polymerization etc., are some of
the other methods used for film deposition.
Applications of CP’s
The wide range of unique properties of CP’s and the easy availability has led to application of CP’s
to various fields and uses where in traditional materials were not effective. The ability to be tailor-made
depending upon the application is a reason that CP’s are chosen over other methods. The main applications
of CP’s are conducting inks and paints, electro-rheological material, sensors, electronic devices like LEDs,
transistors and data storage, photovoltaic devices, electrochromic devices, batteries, corrosion
protection[15,18-22,33-37]. They are also used as electrostatic coating for the electronic packaging. This
study focuses on the gas sensing properties of the CP’s and hence the sensing application of CP’s will be
discussed in detail.

PANI
PANI is a polymer having -NH- group on either side of the phenylene ring with aniline being the
monomer. According to the Web of Science, PANI is one of the CP’s of all times, on which a lot of studies
and research are conducted [38]. PANI was first prepared in the year 1862 by Letheby by anodic oxidation
of aniline in sulphuric acid. Amongst the other polymers PANI is unique in the interest of its conduction
mechanism [18] as well as the multiple oxidative states [34]. Even though the synthesis was comparatively
easier, poor solubility in the common chemical solvents was a major concern in the research areas [35].
According to an article published by Nature Materials, PANI is one of the very few CP’s, that was able to
adapt to the increasing market demand and the product value of the polymer in commercial market is about
$500 per Kilogram [38]. The superiority of PANI can be accounted to its thermal stability, controllability of
its electrical properties, the environmental stability [23].
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Structure and Forms:
PANI has three base forms namely, Leucoemeraldine Base (LB) which is the completely reduced form
and is colorless, see Figure 1.6. LB form of PANI is highly reactive and hence is unstable. The second is the
Pernigraniline Base (PB) which is fully oxidized form and is violet in color. The last form is Emeraldine
Base (EB) that is half oxidized/half reduced state that is blue in color. PB and LB are insulating in nature
while EB is conducting, when protonated and converts to green color Emeraldine Salt (ES) and thereby the
desired form of PANI in this study. Upon protonation with acid, the EB transforms to ES containing a positive
charge in each repeating unit and the associated negative charge being responsible for the conductivity,
without an actual change in the number of electrons. Besides protonation, chemical or electrochemical doping
can be used to convert one oxidation form to the other.

Figure 1.6: Oxidation states in PANI [18]
PANI has a symmetrically conjugated structure and thereby has extensive charge delocalization. Unlike, the
other polymers, the conducting form of PANI is a salt (ES).
Synthesis Method:
This study has used Electrochemical and Chemical Method for the synthesis of PANI and PANIGQD composite material.
(i)

Electrochemical method: This method provides control over the polymerization process. The degree of
doping in PANI can be controlled with the potential. PANI synthesized in this method is relatively pure in
form than those synthesized via other methods [28]. The electrochemical method can be implemented in
three different settings: i) Galvanostatic Method: Constant current is applied onto the WE for a specific time.
ii) Potentiostatic Method: A constant potential is applied to the WE for a specific time. iii) Potential sweep:
wherein the potential is swept between specific values. Depending on the method used, the form of PANI
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used varies. Once the PANI is formed, it can be reduced or oxidized to control the electrical conductivity and
other desired properties.

(1.7)

Figure 1.7: Growth Mechanism in PANI [7].
The electrochemical polymerization is initiated by the electrochemical process but propagates through the
chemical process followed by electrochemical process. The first step is the oxidation of aniline and is the
rate determining step in this case. In the oxidation, radicals are formed, and the second step involves the
coupling of the radicals as shown in Figure 1.7. Then the reaction further propagates through the chemical
reaction. However, the conducting form of PANI is formed by the oxidation at the controlled potential. The
PANI ES will be deposited on the electrode.
(ii)

Chemical Method: In this method, PANI is synthesized by oxidizing aniline with various oxidants in an
acidic medium. Most used oxidants are ammonium persulphate, potassium iodate, ceric sulphate, potassium
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dichromate, hydrogen peroxide etc. Commonly used acids are hydrochloric acid, hydrobromic acid,
perchloric acid, sulfuric acid, nitric acid etc. Like the growth mechanism in electrochemical synthesis, the
first step is the formation of radical cation (polarons) of aniline, which is then rearomatized and oxidized to
diradical dication (bipolaron). The next step is the chain propagation, wherein the diradical dication couples
with the cation of aniline to form a trimer and further propagates via coupling of polymer fragment with the
aniline radical cation.
Charge transportation mechanism
The general charge transfer mechanism in CP’s is due to the motion of the charge defects. Hence, it is
essential to define solitons, polarons and bipolarons, see Figure 1.8. Solitons are the unpaired electrons
created in the polymer backbone during the intermediate stage of synthesis. Polarons in other words are the
radical cations and bipolarons are diradical dications. The first step in the conduction is the formation of the
cation radical which otherwise is referred to as the solitons or polarons. This is then followed by the formation
of bipolaron structure by another electron transfer. Bipolarons are molecular structures with two positive
charges in the conjugated system.

Figure 1.8: Protonation of leucoemeraldine base to form bipolaron, polarons and finally polaron lattice
[9]
PANI-GQD Composite Material
The shortcomings of organic materials like low sensitivity, poor stability, and those of inorganic
materials like high operational temperatures, complicated processing etc. forestalled the development of a
very effective gas sensor. In a study of CP’s and its properties, Le et al. (2017) reported that the performance
of a CP cannot be improved beyond an intrinsic limit by controlling the size and the morphology of the CP
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material [14]. This problem can be overcome by utilizing composite material wherein the benefits of both
class of materials can be used in a single compound. By the development of Carbon nano compounds like
CNT’s, graphene and its derivatives, these unique properties could be enhanced while being ecofriendly as
carbon is the base of all these compounds.
Over the past couple of years, extensive research has been conducted to incorporate graphene and
its derivatives to CP’s to provide novel composite materials with enhanced electrical, thermal, optical,
mechanical, and other properties [27,31], see Figure 1.9. It has been conclusively shown through research,
that the composite material with graphene and its derivatives has a higher specific surface area and hence an
increased electron mobility, thereby having better sensing properties for sensors [15].

Figure 1.9: Graphene-CP composite material schematic representation [15].
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Gas Sensors
The demand for gas sensors has been tremendously growing in the past few years, their functionality
varies from checking the quality of air to detecting contaminants to medical screening to precision farming.
To be used for commercial purposes, the sensors should have high reproducibility, good sensitivity, stable
environmental operating conditions, easy procurement, standard response to the analyte and moderate
operating temperatures etc.
Depending upon the various reactions with external atmosphere, gas sensors can be classified into:
i)

Chemiresistive sensors

ii) Field Effect transistors (FET)
iii) Field Effect transistors (FET) with voltage plotted as function of GHG concentration, see Figure 1.10.
iv) Optoacoustic Sensors
v) Surface Acoustic Wave (SAW) change transistors
vi) Microelectromechanical Systems (MEMS)
The method of sensing chosen for this study is chemiresistive sensors and hence will be discussed in
detail. This method is superior to other methods owing to the simpler operational conditions, cheap
fabrication process, smaller size [13].
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M: Digital Multimeter
C: Computer with software
monitoring
P: Potentiostat
D: Detector
GG: Greenhouse Gas
IDT: Inter digitized electrode

Figure 1.10: Different types of GHG sensors [43].
Mostly the gas sensors were made of semiconductor metal oxides, as they have fast response and high
sensitivity. But the complex fabrication methods, higher power consumption, high operating temperature
requirement forced to discover easier sensing methodologies. Since then, extensive studies have been
conducted to find a replacement material that has optimal operation at room temperature and good
environmental stability. CPs were a good candidate for the gas sensors, and various sensors were developed
with CP’s and its derivatives and a few of them are discussed in the following sessions.

Chemiresistive Gas Sensors
Chemiresistive sensors converts the changes in chemical environment of the sensor to electrical response
thereby altering the resistance of the sensor. This sensing method is superior to the other methods owing to
its simplicity, quick-response and the ease of synthesis and operation. The construction of a chemiresistive
sensor consist of the device architecture and the active material. Mostly, the chemiresistive sensors are made
by coating interdigitated electrodes with active sensing material. The interdigitated electrodes are mostly
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made with metals like gold, platinum, or chromium to ensure good ohmic contact with the active material
coating. The interdigitated electrodes can be made by photolithography or printing.
The sensing materials can be metal oxide semiconductors, conducting polymer, graphene, carbon
nanotubes, nanoparticles etc. The sensing material interacts with the target gas and the resulting change is
concerted to change in electrical resistance. The change in resistance is the primary measurement. Other
parameters that can be studied using this method are response time, selectivity, sensitivity, recovery time,
operating temperature etc. [42]. The conductance of an n-type semiconductor increases with a reducing
analyte and decreasing with an oxidizing analyte [15]. Similarly, the conductance of a p-type semiconductor
increases with an oxidizing analyte and decreases with a reducing analyte.
Current Trend in Gas Sensors
The gaseous impurities like CO, CO2, NO2, NH3, H2S, SO2, CH4 etc., being released into the atmosphere
from industries, automobiles and domestic activities can be toxic and thereby must be monitored and
controlled. CPs has always been used as the sensing materials in gas sensors on account of its chemical
properties and the design flexibility that CP’s gives. PEDOT: PSS, PANI, PPy, PTh are the most used due to
the operating conditions at room temperature.
The research by Zampetti et al. [45] demonstrated a PEDOT: PSS active material used for sensing NO
which helps in monitoring asthma. A conductometric sensor (measurement of electrolytic conductivity in
response to change in the chemical environment) made with the CP thin film and the oxidation of NO to NO2
enabled the detection in the sensor. Another seminal study in the application of CPs as gas sensor was done
by Bai et al. [47], where the composite material of PPy and sulfonated PANI was used to make an active film
for sensing ammonia. The main feature of this study was the higher thermal stability than pure form of PPy
and lower detection limits (15ppm).
Wong et al. [44] analyzed the response of PTh based sensors to various gases and was able to conclude
that most of these sensors exhibited a narrow range of response towards the analyte gases within a
concentration of 100 to 2000ppm, with the highest response being given by a poly [3-(butyl thio) thiophene]
sensor for detecting NO2. In another major study Chuang et al. (2017), develops a printed CP sensor for
sensing CO2 PEDOT: PSS/PANI composite material as the active material [48]. The main advantage of this
novel method is the improved selectivity towards humidity which was a problem faced by the other sensors
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as well as the sensor power consumption being low (10µW). The sensor was able to detect CO2 in the
concentration range of 1000ppm to 20000 ppm.
Waghuley et al. [49], demonstrated the application of PPy as CO2 gas sensor. From his studies, he was
able to infer that, the increase of the resistance of the material on exposure to CO2 was due to the orbital
overlapping of neighboring molecules in the PPy structure wherein the CO2 forms weak bond with the π
electrons alternating the conductivity [21]. Overall, these studies highlight that CPs are good candidates as
active materials in gas sensors. The current trend in the PANI gas sensors will be discussed in detail as PANI
is the subject of interest for this study.
Various sensors are constructed with PANI in the form of films, thin films, nanofibrous thin films,
nanowires, pellets etc. Even though, a thin film is the most preferred method mostly because of the higher
sensitivity from the uniformity of the film [42]. Even though PANI sensors are most studied for ammonia,
PANI is also used for other gases like CO, CO2, CH4, H2, H2S etc. Wong et al. (2020) highlights in his
literature review that nonetheless the fact, high surface area to volume ratio increased the sensing abilities
[44] the increase of film thickness beyond 100nm causing the reduction in sensing properties as was
demonstrated by Tiwari et al. [50]. The study also compares the response of various PANI based sensors to
different gases like CO, NO2, H2S, ethanol, H2, xylenes, triethylamines etc. and infers that the highest
response was given by a Fe-Al doped PANI thin film [51] for sensing CO.
Collectively, this research outlines the critical role of PANI in the sensors. However, to increase the
performance of the active material, it has been bound with GQD, which by itself is a good sensing material.
Figure 1.12 shows the various PANI based nanocomposite materials that were used for sensing different
gases. As can be seen there are not a lot of sensors based on PANI-GQD Composite materials. Most of the
sensors were used for the detection of single gases [66].
Kim et al. (2016) developed a layer-by-layer graphene/PANI film-based transducer electrode for
detecting NH3 based on the resistometric actions [52]. The main highlight of the study was that the film
showed improved interfacial contacts between the highly conductive graphene and the PANI surfaces, which
further heightened the properties of the material [29]. The graphene and the PANI layers were stacked in two
different ways and the voltage applied along and perpendicular faces creating, the parallel and series kind of
configuration for the film, with the series configuration having better sensitivity towards NH3.
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Figure 1.11: PANI based nanocomposite for various gas sensors [67].
Zamiri et al. (2020) compares the various gas sensors synthesized with PANI/graphene
nanocomposite material in his work [15]. His work studied and compared the composite materials prepared
in different methodologies and compared their sensing properties. He suggested that reduced Graphene Oxide
(rGO)-PANI composite film was the most sensitive to NH3 for a concentration of 100 ppm, see Figure 1.12.

Figure 1.12: Selectivity of rGO- PANI composite material to 100ppm of various gases [52].
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Another interesting study was conducted by Zhang et al. [53], wherein they constructed both p-type and ntype PANI/CNT composite material as the active material for the chemiresistive sensor [53]. The PANI-CNT
dried at room temperature was p-type and the PANI/CNT material dried at 80˚C was n-type. The active
material was made into a paste using 1:5 ratio of deionized water and coated on the ceramic substrate with
interdigitated platinum electrodes to construct the sensor. The targeted gases were NO2 and NH3 with the
recovery time of p-type composite sensor was 3.2 s and 4.6s respectively. Meanwhile, the n-type composite
sensor with lower conductivity showed a much higher response to the NH3. The study concluded that p-type
composite material displayed higher sensitivity, reversibility and faster response and recovery.
Even though, a lot of focus has been given for developing GHG sensors using CP’s, there are still a
lot of challenges existing which requires further research and improvement. The main problem being faced
is minimizing the interference and detecting the gases at room temperature without complex analysis
techniques.

Aim and scope of the thesis
Lately, the research in the fields of GHG sensors are having an uptick, so that the influence and effect
of these gases on the weather and the atmosphere can be understood. As seen in the literature review, even
though CPs are used in sensing, they do not have a high selectivity and thereby requires complex data analysis
methods for distinguishing between multiple target gases. This thesis focuses on developing a sensor that
operates with a good selectivity towards the GHG’s especially carbon dioxide and methane, and do not
require sophisticated and expensive analytical tools, thereby making the procurement easy and inexpensive
while the usage being simple enough to be used by anyone.
In this thesis, a GHG sensor was developed on an alumina substrate containing interdigitated platinum
electrodes using a novel PANI – GQD composite material as the active material. The hind side of the sensor
platform consists of a heating pad, so that the temperature of the sensor platform can be controlled by
applying voltage. The initial stage of the study was to successfully develop the PANI – GQD composite
material and to ensure the linkage between the two compounds so that the 2-dimensional structure of the
GQD provides larger surface area for the active material and the sensing properties of PANI can be enhanced.
Once the composite material was successfully synthesized and characterized the next stage was mounting of
the active material onto the substrate and study the operation of the sensor.
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A unique feature of this study is the proposal of using desorption temperature for distinguishing between the
multiple gases exposed and thus minimizing the usage of complex analysis technique. Another peculiarity of
the study is that there is no other study using GQD-PANI composite material as the active material for
multiple gas sensor. The methods and the results of the studies have been explained in the next chapters of
this thesis.
This thesis presents:
1) The electrochemical investigation of polymerization of aniline in presence of electrochemically prepared
GQD [54,55]. The electrochemical study involves chronoamperometry, cyclic voltammetry (CV) and
differential pulse voltammetry (DPV).
2) Chemical synthesis of PANI in the presence of GQD and the spectroscopic characterization via a) Fourier
Transform Infra-Red Spectroscopy b) Raman spectroscopy and c) UV-VIS Spectroscopy.
3)

Placing the active material onto the interdigitated electrodes that has dual functionality of constant
temperature and varying temperature.

4)

Examination of response of the active material/ sensor to the CO2 gas.

5) Examination of interference in the measurement of the CO2 using the sensor that has a heating pad to increase
the temperature of the active material to a different temperature. And showing successfully shown that the
novel composite does not have interference with methane which is another GHG with possible interference
chances.

Organization of the Thesis:
Chapter 1 Introduces the importance of GHG sensors, the literature survey of conducting polymers,
graphene quantum dots, GHS sensors and the deficiencies in the present state of art.
Chapter 2 Experimental aspects and the relevant instrumentations used such as cyclic voltammetry, Fourier
transform infrared spectroscopy, Raman spectrometer, Scanning electron microscope (SEM), UV-Visible
spectroscopy, X-Ray Diffraction (XRD), and Gas Chromatography Mass Spectroscopy (GC-MS). The
theoretical principles of the different techniques are elaborated in this chapter. The construction of the sensor
is also discussed in this chapter.
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Chapter 3 Presents the preparation of the active material. Discusses the preparation of GQD, polyaniline
and the composite material.
Chapter 4 Characterization of the active material by Fourier transform infrared spectroscopy and Raman
spectroscopy followed by the sensor fabrication and examination of the sensor by SEM, and XRD.
Chapter 5 Measurements made with the sensor on GHG’s and discussion of the results.
Chapter 6 Conclusions and proposed future work.
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CHAPTER – 2

EXPERIMENTAL DETAILS
This chapter discusses in detail about the chemicals and the materials used in this thesis, the characterization
techniques used, principles and the instrumentations are briefly discussed.

Chemicals
Table 2.1: Details of the Chemicals used in the thesis.
Chemical Name

Chemical

Molecular

Formula

Weight

Company

Assay
(%)

(g/mol)
Aniline

C6H5NH2

93.13

EMD Chemicals, Inc

99.0

Potassium persulfate

K2S2O8

270.322

Sigma Aldrich

99.0

GQD

(Graphene)

---

Electrochemically

---

manufactured

by

US

patented method [54,55]
Sulphuric Acid

H2SO4

98.079

EMD Chemical, Inc

95-98

Hydrochloric Acid

HCl

36.46

EMD Chemicals, Inc

36.5-38

Argon Gas

Ar

39.948

Airgas

99.9

Carbon dioxide Gas

CO2

44.0095

Airgas

99.5

Methane Gas

CH4

16.04

Airgas

99.5

Drierite

CaSO4

136.14

Hammond

Drierite

≥98.0

Company
C2H5OH

46.07

Decon Labs

99.5

C3H7OH

60.1

Macron Fine Chemicals

99.5

DMPU

C6H12N2O

128.75

Sigma Aldrich

98

Methanol

CH3OH

32.04

Macron Fine Chemicals

99

Ethanol
Isopropyl

Alcohol

(IPA)
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Materials Required
Table 2.2: Experimental Materials Procurement details.
Material

Company

Glassy Carbon Electrode

Gamry Instruments

Platinum Electrode

Gamry Instruments

Saturated Calomel Electrode

Gamry Instruments

Graphite Electrode

Gamry Instruments

UV- Vis’s absorption Cuvette

Fireflysci cuvette Shop

Interdigitated gold Electrode

Electronics Design Centre
Case western University, Ohio

Multimeter

RadioShack Digital Multimeter

InfraRed thermometer

Etekcity Corporation

Power supply

Quad Power, Model XP-580

Beakers, volumetric flasks, graduated cylinders,

A-Level Stock room,

pipettes, emery paper, parafilm, hot plate, magnetic

School of Chemistry and Material Science,

stirrer,

College of Science,

Buchner

Flask

and

buchner

funnel,

RIT.

scintillation vials, syringes

Characterization Techniques
The thesis used various characterization techniques like electrochemical techniques– differential pulse
voltammetry, cyclic voltammetry and chronoamperometry, spectroscopic techniques – UV-Vis
spectroscopy, FTIR spectroscopy, Raman spectroscopy, SEM, XRD, GC-MS. The techniques used, basic
theory and the types of equipment used are briefly described in this section.
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Electrochemical Techniques
The electrochemical characterizations are performed to better understand the interrelation between
the chemical and the electrical effects. In this study, electrochemical techniques were used to study the redox
reaction in PANI and to study the form of PANI formed. The characterizations were performed using cyclic
voltammetry (CV), chronoamperometry, Differential Pulse voltammetry (DPV) techniques. Each study
consists of:
(i)

Working Electrode (WE) – The electrochemical study of interest is done on the WE. Glassy Carbon (GC)
electrode, GQD modified GC electrode, and Platinum electrode are commonly used as the WE. The GQD
electrode used in the study is prepared by modifying the GC electrode with the US patented GQD for the
study of polymerization of emeraldine green on the GQD electrode.

(ii)

Counter Electrode (CE) – The CE is used to provide a complete the circuit to ensure the flow of the current
developed on the WE. CE generally has larger area than a WE so that the reaction occurring at the WE are
not inhibited by the CE and to fulfill the diffusion-controlled conditions. Graphite Electrode is the CE used
in the study.

(iii)

Reference Electrode (RE) – The RE has a known and stable electrochemical potential and is therefore used
in the electrochemical study as reference point against other potential of the other electrodes used in the
study. Saturated Calomel Electrode (SCE)
Table 2.3: Specifics of the electrodes used in the study.
Electrode

Length (in)

Diameter(cm)

Area (cm2)

GC

6

0.3

0.071

GQD modified GC

6

0.3

0.071

SCE

4

0.3

0.071

Graphite

6

0.5

0.196
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(a)

(b)

(c)

(d)

Figure 2.1: a) Graphite Rod, b) Saturated Calomel Electrode, c)Glassy Carbon Electrode, d)GQD modified
GC elcectrode.
The specific electrodes in this study are shown in Table 2.3. Electrodes must be cleaned thoroughly
to ensure accurate measurements and to collect reliable data. The electrodes are soaked in 1:1 Nitric acid for
15 min. Followed by thorough rinsing in tap water and distilled water. Then the electrodes are cleaned in
IPA. The working electrodes (WE) were polished before the experiments to ensure the removal of any
possible surface contaminants that might interfere with the electron transfer. The electrodes were polished
mechanically and electrochemically.

Figure 2.2: PK-4 Polishing Kit used in the study [Present Study]

The mechanical polishing of the GC electrodes is done with the commercially available Alumina
polishing kit (see Figure 2.2) and the polishing pads. (PK-4 Polishing Kit, Bioanalytical Systems Inc). The
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Alumina polishing suspension (0.05µm) is applied onto to velvet polishing pad (tan) attached on the glass
substrate and polished for few minutes in uniform figure 8 motions, with the face of the WE flat on the pad.
The polished electrodes are then thoroughly rinsed in DI water.
The WE can be polished electrochemically by cycling the potential of the electrode from the
negative to the positive potential limits. In this case, the potential windows are extended on both sides of the
potential region where the solvent is stable. However, sweeping to higher positive values in the case of carbon
electrodes in the presence of water might result in the oxidation on the electrode surface and one has to be
careful to avoid the oxidation.
The electrochemical experiments were conducted in a Dr. Bob’s Cell™ (see Figure 2.3), which is
pear shaped to enable operating with low volumes of electrolyte (as low as 1mL) and has 5 multipurpose
ports that can be used for electrodes, gas purging, etc.

Figure 2.3: Dr. Bob's Cell™ used for electrochemical studies [Present study].
The Dr. Bob’s Cell™ containing the electrolyte is purged with argon gas or nitrogen gas for about
30 minutes to remove all the dissolved oxygen. Blanketing is another option for removal of dissolved oxygen,
wherein small bubbles of argon are allowed to pass through the cell. In the study, both the purging and
blanketing were used to completely remove any dissolved oxygen.
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Differential Pulse Voltammetry (DPV)
Differential Pulse Voltammetry (DPV) is an electrochemical analytical technique used to study the redox
properties of chemical compounds. It can be used to measure the trace levels of organic and inorganic species
present and hence is mostly used in electrochemical bio sensors [57]. See Figure 2.4.

Figure 2.4: A typical Differential Pulse Voltammetry waveform [57].
In this technique, fixed magnitude of potential pulses is superimposed onto a linear ramp of potential
and is applied onto the working electrode. The current is sampled before and after the pulse is applied onto
the ramp. The response of this method is obtained from the difference in the two sampled currents. This
method has a higher sensitivity as the influence of background interference can be minimized and thereby
has a lower detection limit as well [59].
Cyclic Voltammetry (CV)
Cyclic Voltammetry (CV) is another electrochemical analysis technique used to study redox process
with a chemical compound. This method is also used for studying the electron transfer initiated chemical
reactions [57]. In CV, the current produced is because of the cycling of the potential sweep between two or
more set values. The resultant current is plotted against the potential applied, to get the voltammogram.
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Figure 2.5: Sample of voltammogram from Cyclic Voltammetry [60]
The voltammogram contains the applied potential along the x-axis and current along the y-axis as
shown in Figure 2.5. The peaks correspond to the redox potential of the analyte and is a characteristic of the
analyte. In the figure 2.5, the arrow denotes the beginning of the cycle. Here, the potential is scanned in the
negative region as the analyte undergoes a reduction in this region. The peak potential and peak current
corresponding to the cathodic and anodic processes are denoted as Epc and ipc as the reduction occurs at the
cathode. Similarly, the peak potential and peak current corresponding to the oxidation are denoted as Epa and
ipa, as the oxidation takes place at the anode.
Chronoamperometry
Chronoamperometry is an electrochemical technique wherein a stepped potential is applied to the
WE and the response to the potential step is studied to obtain details about kinetics of chemical reaction,
diffusion, adsorption, detecting analytes, and determining the reversibility of a process etc. [57]. The current
produced in the electrode because of the applied step potential, is measured as a function of time. Cottrell’s
equation given by equation 2.1, is used to calculate the current obtained at each point.

𝑖𝑖 (𝑡𝑡) =

(2.1)

𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐𝑗𝑗0 �𝐷𝐷𝑗𝑗
√𝜋𝜋𝜋𝜋

where,𝑖𝑖 is current in Amp,

N is number of electrons required to reduce/oxidize one molecule of analyte j,
F is the faraday constant (96485 C/mol)
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A is area of the electrode in cm2,
cj0 is the initial concentration of the analyte j, in mol/cm3
Dj is the diffusion coefficient for the analyte j in cm2/s.
t is the time in seconds.
Spectroscopic Techniques
Spectroscopy is defined as the study of the interaction between matter and energy, as a function of
its wavelength or frequency. Spectroscopy can be used to detect, determine, or quantify the molecular or
structural composition of any given sample. Each sample interacts with the electromagnetic radiation in its
own unique characteristic behaviour resulting in absorption, emission or reflection of the energy thereby
giving a spectrum. It is this spectrum, which is investigated and analyzed to characterize the sample. The
basic theory and the experimental set up of the spectroscopic techniques used in the thesis are discussed in
the below sections.
UV-Visible Spectroscopy
UV-Visible spectroscopy is an absorption spectroscopy, wherein the spectrum produced by
absorption of ultraviolet or visible light by the chemical compounds are studied. As the chemical compounds
absorb the UV or visible electromagnetic radiations, there will be a resultant excitation of electrons from the
ground state towards higher energy level. In UV-Visible spectroscopy, this transition energy is measured and
the relationship between absorbance (A) and the concentration (c) of the absorbing species is linearly related
as given by Beer-Lambert’s law [56], which states that:

ϵ is the Molar absorptivity (M-1cm-1),

𝐴𝐴 = 𝜖𝜖𝜖𝜖𝜖𝜖

b is the path length of the radiation (cm), and
c is the concentration of the analyte (M).
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(2.2)

UV-Vis’s spectroscopy can be used for the detection of the impurities, structure elucidation of organic
compounds, quantitative determination of compounds and so on. This technique can be used for identification
of the compounds by comparing the spectra of the unknown compound with existing data base.

(b)

(a)

Figure 2.6: a) UV-Vis Shimadzu 2600 Spectrophotometer, b) Fireflysci Cuvette used in UV-Vis
Spectroscopy
The UV-Vis spectroscopic analysis was done on the UV-Vis Shimadzu 2600 Spectrophotometer,
see Figure 2.6. The sample was taken in the cuvette and diluted to obtain reliable data. If the concentration
is higher the spectrophotometer might not give acceptable signals. A blank reference is need for the analysis
wherein the solvent is used (DI water, DMPU etc.). The sample should be ensured to not have suspension
particles as this might increase the scattering of light and the data could be distorted.
Fourier Transform InfraRed Spectroscopy (FTIR)
In FTIR spectroscopy, a chemical compound interacts with infrared radiations and the resultant
absorption/transmission spectra is studied. This technique is commonly used for identifying organic materials
and in some cases inorganic materials too [56]. The spectra obtained is the molecular fingerprint of the
chemical compound, which represents the molecular absorption and transmission. It is a molecular vibration
spectrum. Each bond has certain specific frequencies at which it can vibrate, corresponding to its energy
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level. When the compound interacts with the IR radiations and gets excited to a higher energy level, the
intensity vs time spectrum then obtained is converted to intensity vs frequency spectrum by using the
mathematical tool, Fourier Transform. Few of the main advantages of FTIR spectroscopy includes faster data
collection, reproducibility of the data etc. FTIR measurement does not require specific form of sample,
however the sample must be thin enough to transmit the IR radiations can be transmitted through it.

Figure 2.7: Shimadzu IRPresige 21 IR Spectrophotometer (FTIR).
In this thesis, powder and thin films are analyzed. For the study, Shimadzu IRPresige21 IR
spectrophotometer (FTIR) was used, see Figure 2.7. Before scanning the sample, the background
(atmospheric air) spectra are recorded. Each recording comprises of a minimum of 500 scans, so that the
noise level is minimal (higher the scans, lesser the noise).
Raman Spectroscopy and Imaging
Raman Spectroscopy is a very powerful analytical technique used to provide a structural fingerprint
of molecules with which they can be identified. This method mainly determines the vibrational modes of
molecules. When the monochromatic light interacts with the sample, light can be absorbed, reflected, or
scattered. In Raman Spectroscopy, the sample interacts with the monochromatic light source and the resultant
scattering is studied and the change in the wavelength of the scattered particle which provides the chemical
and the structural information.
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Figure 2.8: A schematic diagram depicting the three possible types of scattering when a particle of energy
E interacts with a photon of energy hv [61].
As shown in the figure 2.8, when the sample molecule with an energy E interacts with photons of
energy hv, the molecules get excited to a virtual state that lies between the ground state and the first excited
state, from a vibrational state [56,61]. On relaxing, if the molecules return to the same energy, it is Raleigh
scattering and if it returns to different energy state it can be either Stokes scattering or Anti-stokes scattering
depending on the energy level. In Raman spectroscopy, the change in the energy between the incident and
the scattered photons in the Stokes/anti-Stokes transitions are observed [61]. This change is measured in
wavenumber and is plotted against Raman intensity to get the spectra.
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Figure 2.9: Bruker Senterra II Raman Microscope used in the study.
A Bruker Senterra II Raman Microscope was used for the characterization in this thesis. Monochromatic
light source of three wavelengths were available, 785 nm (near IR region), 633 nm and 532 nm (visible
region). The Figure 2.9 shows the Raman Microscope used for the characterization in the study.
Scanning Electron Microscope (SEM)
Scanning Electron Microscope (SEM) is an imaging technique, that utilizes the interaction of the sample with
a beam of focused electrons to acquire high magnification images of the sample specimen [62]. When the
electron beam interacts with the sample, and as a result the kinetic energy from the accelerated electrons are
dissipated due to the sample-electron interaction. The energy is dissipated in the form of signals like
secondary electrons, back scattered electrons, diffracted backscattered electrons, photons, heat etc. In SEM
technique, the secondary electrons are used for imaging samples. The image obtained is a map, that shows
the emitted signal intensity from the sample being investigated.
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Figure 2.10: Tescan-Bruker Vega 3 SEM/Xflash EDX SEM used for SEM imaging.
The study used Tescan-Bruker Vega 3 SEM (Fig 2.14) to get the SEM imaging. The SEM instrumentation
with an Energy Dispersive X-Ray Analyzer (EDX) was available and could be used to provide elemental
identification and quantitative compositional information. The SEM sample requires minimal preparation.
X-Ray Diffraction (XRD)
X-Ray Diffraction is an analysis technique used to determine the crystallographic structure of a sample. In
this technique, the sample is irradiated with X-rays and the interaction of this radiation with the sample results
in the scattering of the X-ray. The intensity and the scattering of these radiations are measured to obtain
details about the sample investigated. This technique can be used to identify materials, their degree of
crystallinity, phase identification etc. Another important application of this method is to yield the information
on how the structure of the sample deviates from the expected structure because of the internal stress or
defects.
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Figure 2.11: Bruker D8 Advance X-Ray Diffraction instrumentation
Even though XRD technique is mostly used for crystalline substance, this study used XRD to analyze the
sensor substrate using the Bruker D8 Advance XRD instrumentation shown in the Figure 2.11. The details
of the study are discussed in the later section.

Sensor Construction
Proposed Sensor Model
A sensor substrate is coated with the EG-GQD composite active material and the heating elements on
the back of the sensor is connected to the power supply so the temperature can be controlled by the magnitude
of the current passing through the heating elements. The sensor leads are connected to the multimeter RS232
which is further connected to the MeterView to collect the data. The sensor is then exposed to the gases.
The sensor operates in two stages:
i)

The response of the interfering gases is measured.

ii) A thermal pulse corresponding to the desorption energy of each gas is applied to the sensor substrate.
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As the desorption temperature is the fingerprint of each gas, identifying the gases based on the desorption
temperature could help to easily detect the gases without the problem of interference.
(a)

(b)

(c)

Figure 2.13: Proposed model for measuring multiple gases. (a)The sensor set up to measure the gases,
(b)Exposure of the sensor to the gases, the corresponding adsorption and temperature-controlled
desorption, (c)Adsorption and desorption of gases onto the active material and the corresponding change
in the response.
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As shown in the Figure 2.13, when the sensor is exposed to a mixture of three gases, they get
adsorbed onto the sensor surface at a temperature T1, which is the total response of the sensor. When a thermal
pulse is applied and the temperature is shifted to T2, the gas whose desorption temperature is T2, will be
expelled from the sensor surface, thereby resulting in a change on the sensor surface. Similarly, by applying
another thermal pulse corresponding to the desorption temperature T3 of the next gas, the gas can be expelled,
and the resulting response can be studied.
Sensor Substrate
Three different types of sensors were used for the experiments as shown. They were procured as per the
design (Case Western University, Ohio; NSF Center). Sensor 1 labelled S1, has electrodes made of thick film
printed interdigitated platinum lines (Item 103) - 250 μm width and spacing and a platinum heater on the
other side, so the sensor substrate can be heated by supplying power, shown in Fig. 2.14. The overall
dimensions of the alumina are 15 mm x 13 mm. The bonding pads are silver for easier soldering. The sensor
had in-built temperature detector.

Figure 2.14: Sensor S1, Alumina Substrate with Platinum interdigitated electrode with heating pad on the rear
side.

40

Figure 2.15: Sensor S2, Alumina Substrate with Gold interdigitated electrode.
Sensor 2, labelled S2 consists of interdigitated gold lines on a 0.6 mm thick alumina substrate, as
shown in fig. 2.15. The overall dimensions of the alumina substrate are 15 mm x 15 mm. The electrode is
used by spreading material over the interdigitated fingers. The holes in the bonding pads allow wires to be
threaded through them as an aid for electrical connection. The gold thick film screen printed the electrode
fingers are 250 μm wide with 250 μm spacing between them.
Sensor 3, labelled S3 consists of interdigitated gold lines on silicon substrate, shown in Figure 2.16.
The electrode is used by spreading active material over the interdigitated fingers. The bonding pads are wider
gold pads for better connection. The dimensions of the substrate are 8mm × 8mm. The line spacing is 100
µm with 22 interdigitated gold lines.

Figure 2.16: Sensor S3, Silicon Substrate with Gold interdigitated electrodes
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Figure 2.17: Microscope Image of Sensor surface showing one of the possible errors. Overlapping of
solder and Connection pad.
The lead wires were soldered onto the pads. However, one error that took place was the solder being
out of place and hence establishing a continuous path in the interdigitated electrode. The sensors, with this
error had to be replaced as they would already have a low resistance. Microscope Image of one of the sensors
shows the overlapping of solder onto the electrode strip thus establishing a conductive path, rendering the
sensor to be unusable, as shown in Figure 2.17.
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CHAPTER – 3

SYNTHESIS OF ACTIVE MATERIAL
This chapter discusses the polymerization of the aniline monomer by chemical and electrochemical
methods, the preparation of the GQD electrode, the chemical and electrochemical synthesis of the active
material, and the electrochemical characterization of the active material.
Synthesis of PANI
Chemical Method
The chemical polymerization of aniline was done by adding 2 mL of freshly distilled aniline
monomer to 200 mL of 1M HCl. The solution was cooled to 0-5˚C by placing in an ice bath, so that the
temperature of the reaction mixture is low. This was then followed by the slow addition of 10mL saturated
solution of 1.15 g potassium persulfate in 1 M HCl and stirred using a magnetic stirrer for about 6 hours. The
resultant green precipitate was then vacuum filtered and washed several times, until the filtrate was neutral.
The filtrate was then dried in air at 80˚C for 12 hours to obtain the dried powder. Figure 3.1 shows the stages
of preparation of Emeraldine Green (EG).
(a)

(b)

(c)

(d)

Figure 3.5:Stages in chemical synthesis of Emeraldine Green in the order. The color change corresponds to
the oxidative state of the product. (a)colorless solution, that contains the reactants, (b) intermediate stage and (c)
Emeraldine green, (d) initial ice bath.
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Electrochemical Method
The electrochemical polymerization of aniline monomer was carried with the Gamry
Electrochemistry Toolkit. 10 mL of 1M H2SO4 was taken in a standard Dr. Bob Cell ™ and degassed for 15
mins by passing argon gas. Followed by the addition of 0.913 µL aniline monomer to the cell. Glassy carbon
(GC) electrode was used as the working electrode and platinum electrode was used as the counter electrode.
The electrodes were polished prior to each experiment with PK-4 polishing kit. Then the electropolymerized
aniline was electrodeposited onto the working electrode as the potential was applied. As the electrodes were
thicker and the spectroscopic characterization of the active material thin film formed on the platinum and
glassy carbon electrode was much thicker, attempts were made to deposit the emeraldine green to modified
graphite electrodes, thinner than the standard electrodes, Figure 3.2.

Figure 3.6: Setup for electrochemical synthesis

Modified Graphite Electrode
A thin graphite rod was cleansed in 1:1 ratio of nitric acid and distilled for about 15 minutes to remove
any unwanted substances from the surface of the rod. Then the rod was modified to insulate the area not to
be exposed with a plastic pipe and parafilm. The graphite rod was then used as the working electrode to
deposit the active material. The tip of the electrode was used to do the FTIR spectroscopy, but the electrode
was still too thick for the FTIR characterization.
A steel plate was cleansed in 1:1 ratio of nitric acid and distilled water, for about 15 minutes to remove the
unwanted particles on the surface of the steel plate. Then the plate was soldered onto a copper wire to modify
it into an electrode and insulated the area not to be exposed with a modified plastic pipette. The modified
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steel electrode was then used as the working electrode and electrodeposited the active material onto the
electrode surface. The active material deposited on the steel surface was taken for spectroscopic
characterization. However, was too thick for FTIR characterization.

Synthesis of Emeraldine Green -GQD Active Material
Chemical Method
The chemical polymerization of aniline was done by adding 2 mL of freshly distilled aniline
monomer to 200 mL of 1M HCl. The solution was cooled to 0-5˚C by placing in an ice bath, so that the
temperature of the reaction mixture was low. This is then followed by the addition of 4 mL of graphene
quantum dot solution prepared in the lab [54] and the slow addition of 10mL saturated solution of 1.15 g
potassium persulfate in 1 M HCl and stirred using a magnetic stirrer for about 6 hours. The resultant blackish
green precipitate is then vacuum filtered and washed several times, until the filtrate is neutral. The filtrate is
then dried in air at 80˚C for 12 hours to obtain the dried powder.
(a)

black)

(b)

Figure 3.7: (a)Solution before chemical polymerization, (b)Emeraldine green coupled with GQD (greenish

Electrochemical Method
The electrochemical synthesis of the Emeraldine green-GQD active material was done in two ways.
Firstly, by electropolymerizing aniline monomer in the GQD medium, the next approach was to
electropolymerize aniline monomer on GQD electrode. For the latter approach, a glassy carbon (electrode)
was modified into a graphene quantum dot (GQD) electrode by coating with GQD on the electrode surface.
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Synthesis in GQD Medium
The electrochemical polymerization of aniline monomer was carried with the Gamry
Electrochemistry tool kit. 10 mL of 1M H2SO4 was taken in a standard Dr. Bob Cell ™ and degassed for 15
min by passing argon gas. Followed by the addition of 0.913 µL aniline monomer and 2 mL of graphene
quantum dots (GQD), to the cell. Glassy carbon (GC) electrode was used as the working electrode and
platinum electrode was used as the counter electrode. The electrodes were polished prior to each experiment
with PK-4 polishing kit and rinsed thoroughly in deionized water. Then the electropolymerized aniline was
electrodeposited onto the working electrode as the potential was applied.
The GQD used for the study is electrochemically manufactured by US patented method [54,55]. The
weight% of the GQD used in the study was calculated.
Table 3.1: Data for calculating weight% of the GQD used.

Sample No.

Weight

of

Watch glass

Weight

of

Watch glass + Dried
(g)

Weight

of

GQD

GQD sample (g)

(g)

1

34.1803

34.1816

1.3

2

33.9205

33.9227

2.2

3

34.4252

34.4269

1.7

The average weight of GQD is 1.733mg/2mL of sample used. The weight % is calculated to be
0.087%.
Synthesis on GQD electrode
(i) Preparation of GQD electrode: The graphene quantum dot (GQD) electrode was prepared by
coating the glassy carbon (GC) electrode with freshly prepared GQD solution. The GC electrode was polished
using the PK-4 polishing kit. This is then followed by thoroughly rinsing the electrode in deionized water.
Then a few drops of GQD solution was coated onto the electrode surface using a micropipette and let dry for
about 24 hours (Fig. 3.4).
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(b)

(a)

Figure 3.8: (a) GQD electrode, (b)GQD electrode with Emeraldine green deposit.

(ii) Synthesis of Emeraldine green on GQD electrode: The electrochemical polymerization of aniline
was carried with the Gamry Electrochemistry Toolkit. 10 mL of 1M H2SO4 was taken in a standard Dr. Bob
Cell ™ and degassed for 15 mins by passing argon gas. Followed by the addition of 0.913 µL aniline
monomer to the cell. Glassy carbon (GC) electrode was used as the working electrode and Platinum electrode
was used as the counter electrode. The electrodes were polished prior to each experiment with PK-4 polishing
kit. Then the electropolymerized aniline was electrodeposited onto the working electrode as the potential was
applied.

Coating of Active Material on the Sensor Substrate
The active material was coated on the sensor surface by two different methods: Dip Coating and
Drop Coating. For this, the active material was washed thoroughly in distilled water and made into a paste
form in the ratio 1:5 with DI water. It was this paste that was further used for coating.
Dip Coating Method
For coating the active material on the sensor substrate, the sensor substrate with the interdigitated
electrode is dipped in a vial containing the active material for about 24-48 hours. The substrate is then,
allowed to dry for 48 hours. Once the active material is dry, the resistance of the sensor substrate is measured.
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Drop Coating Method
For coating the material on the sensor substrate as shown in Figure 3.5, the active material taken in a
micropipette is dropped onto the interdigitated electrode and let dry for 48-72 hours. Once the active material
is dry, the resistance of the sensor substrate is measured.

(a)

(b)

Figure 3.5: (a)Drop Coating (b) Sensor after drop coating

Sensor Calibration
The temperature calibration of the sensor was conducted by the Joule heating of the sensor strip
before the active material was deposited onto the sensor substrate. The leads of the heating pad on the rear
side of the sensor, were connected to a voltage supply unit. Upon applying a voltage to the heating pad,
current passing through it was maintained constant and the temperature was measured by an infrared
thermometer (Figure 3.6). The experiment was repeated to study the sensitivity of the heating property of the
substrate in correspondence with the voltage. Figure 3.7 shows the temperature calibration of the sensor.

Power Supply

Sensor
Multimeter
Thermometer

Figure 3.6: Experimental Setup for Sensor S1 Temperature Calibration.
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Voltage
V
1
2
3
4
5
6
7
8
9
10

Current
mA
128
210
234
265
292
314
325
338

Temperature
˚C
24.1
30.4
42
51.5
63.2
70.4
80.9
113

Figure 3.7: Temperature Calibration of the Sensor.
One major problem faced with the temperature response measurements was the loss of electrical
contact of the sensor with the connecting wire, resulting from the melting of the solder points above a
temperature of 90˚C. In future, a high melting solder will have to be used for high temperature studies.
The resistance of the sensor was monitored after coating the active material. Figure 3.8(a) shows the
change in sensor resistance right after the deposition of the active material. Owing to the presence of the
moisture in the active material, the resistance of the sensor initially drops to zero kΩ. The resistance starts to
go up once, the active material starts drying (Figure 3.8 (b)).
The sensor is dried for about 48-72 hours. The resistance becomes more stable over time. The
resistance of the sensor varies depending on the active material used and the method of the application. Figure
3.8(b)shows, the resistance change after the sensor was dried for about 72 hours. In this case the final
resistance of the sensor was 7.1kΩ.
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(a)

(b)

Figure 3.8: (a)The change in sensor resistance right after the deposition of the active material. (b)

Resistance change after the sensor is dried.
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CHAPTER – 4

CHARACTERIZATION OF THE ACTIVE MATERIAL
This chapter discusses the results of the characterization of the active material. The Emeraldine
green-GQD composite material was characterized by the electrochemical methods: cyclic voltammetry,
chronoamperometry, differential pulse voltammetry, spectroscopic methods: UV-Visible spectroscopy, FTIR
spectroscopy, Raman Spectroscopy, and other techniques like Scanning Electron Microscope, and X-Ray
Diffraction.

Electrochemical Characterization
Cyclic Voltammetry
The cyclic voltammogram of PANI in 1 M H2SO4 at a scan rate of 50 mV/s shows the oxidation
states of PANI. As discussed earlier, PANI is a polymer with multiple oxidation states, wherein the fully
reduced state is leucoemeraldine, half oxidized state is emeraldine green and the fully oxidized state is
pernigraniline. The electrochemical switching of PANI between these oxidation states can be observed from
Figures 4.1 and 4.2. Figure 4.1, shows the first five scans, where in the aniline oxidation peak can be distinctly
seen at about 0.99 V. As shown in the Figure 4.2, the leucoemeraldine (colorless) state ranges from potential
-0.2 V to 0.15 V, the Emeraldine (green) state ranges from the potential 0.15V to 0.75V and the pernigraniline
(violet) state ranges from 0.75 V to 1.2V. The corresponding color changes are observed with the change of
potential.
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Figure 4.9:Cyclic voltammogram of PANI, 5 scans on GC electrode.

Figure 4.2: Cyclic voltammogram of PANI in 1 M H2SO4(50mV/s), showing the electrochemical switching of
oxidation states on GC electrode (10 scans).
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(a)

Figure 4.3: Cyclic Voltammetry of PANI on GC electrode in 10 ml 1M H2SO4, showing both emeraldine peak and the prominent
leucoemeraldine peaks. (a) 11 scans (b) 100 scans.

53

The oxidation of aniline has been examined at graphene quantum dot electrode (GQD) with a view
of enhancing the formation of polyaniline for greenhouse gas sensors. At GQD electrode, the aniline
oxidation occurs in cyclic voltammetry at Epa=0.99 V with the formation of emeraldine green and
leucoemeraldine which are reduced at 0.49 V and 0.23 V respectively (Figure 4.4). However, a notable
feature of aniline oxidation at GQD electrode compared to that on the GC electrode (Figure 4.3) is that the
oxidative peak at GQD electrode is shifted towards lesser positive potential, and the current is enhanced
considerably at the GQD electrode. The data obtained demonstrates that GQD electrode oxidizes aniline lot
more efficiently than at GC electrode.
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Figure 4.4: Cyclic Voltammetry of PANI on GQD electrode in 10 ml 1M H2SO4, showing only Emeraldine peak (a)11 scans,
(b)100 scans.

The electro polymerization of aniline in the GQD medium was done to compare the electro
polymerization of aniline on the GQD electrode and the cyclic voltammetric recording was carried out. As
seen in Figure 4.1, the current corresponding to the Epa (0.99 V) of oxidation of aniline on GC electrode with
no GQD in the medium is 181.44 µA, whereas in Figure 4.5, the current corresponding to the Epa (1.09 V)
oxidation of aniline in GQD medium is 49.24 µA. In the GQD medium, the peak current at Epa=0.99V is
much smaller due to prior binding of aniline to GQD making the molecule bulkier. This interaction possibly
affects the diffusion coefficient of aniline resulting in a lower current value. Interestingly, this opens a method
of making GQD bound polyaniline for sensor applications. Table 4.1 shows the corresponding data for CV
of emeraldine green- GQD composite on GC electrode.
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Figure 4.5: Cyclic Voltammetry of Emeraldine Green-GQD mixture on GC electrode in 10 ml 1M H2SO4
H2SO4

Table 4.1: Cyclic Voltammetry Peaks of Emeraldine Green-GQD mixture on GC electrode in 10 ml 1M
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Chronoamperometry
The area calibration was done using the chronoamperometry. The chronoamperometry experiment
was performed in 20 mL H2SO4 containing 18.6 µL of aniline on the modified steel electrode. This
experiment was used to find the charge consumed for the oxidation of aniline at the electrode. For this, a
potential of 0.8 V was applied for 1800 seconds. The chronoamperometry curve obtained is shown in Figure
4.6. The charge consumed was found to be 164.7 mC.

Chronoamperometry Scan

Figure 4.6: Chronoamperometry scan of 18.6 µL of Aniline oxidation on modified steel
electrode in H2SO4 medium.

Spectroscopic Characterization
To characterize the active material, Fourier transform infra-red spectroscopy, UV-VIS spectroscopy
and Raman imaging spectroscopy were conducted. The spectroscopical techniques confirmed that the EGGQD composite material was successfully synthesized and the coupling of EG and GQD in favor of the
sensing properties had occurred.
UV-Visible Spectroscopy
The scan was done from 220 nm to 800 nm. The UV-Vis absorption spectra showed peaks at 290 nm showing
the combined characteristic of π-π* transition of conjugation length of emeraldine salt that usually occurs at
274 nm and n-π* transition of C=O bonding in the GQD which occurs at 284 nm [68]. The spectra show two
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distinct peaks that correspond to the leuco emeraldine and the Emeraldine Green as can be seen in Figure
4.7.

Figure 4.7: UV-VIS Spectra of polymer-gqd solution showing EG (Emeraldine Green) and LE
(leucoemeraldine).

The change in the peaks from 274 nm and 284 nm to 290 nm suggests the binding of the emeraldine green
particles with the GQD forming the EG-GQD composite material which is best for the sensing properties.
FTIR Spectroscopy
FTIR spectroscopy was done on the dried samples of EG, EG-GQD composite material and GQD samples
to ensure the coupling of GQD and EG for the enhanced sensing properties. The samples were run in the
wavelength range 4000 cm-1 – 400 cm-1. Table 4.2 shows the observed peaks for GQD coupled emeraldine
green, emeraldine green alone and GQD.
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Table 4.2: FTIR peaks of GQD coupled Emeraldine Green (EG-GQD), Emeraldine Green (EG) and GQD.

The characteristic peaks corresponding to EG are 1579 cm-1 that can be tentatively allotted to the
C=C stretching vibration of quinoid ring (N=Q=N). The peaks at and 1418 cm-1 and 1480 cm-1 correspond to
the C=C vibration of the benzenoid ring (N-B-N). The peaks at 1330 cm-1 and 1215 cm-1 correspond to the
C-N stretching vibration of the secondary aromatic ring. The in-plane bending and the out-plane bending of
C-H stretching is reflected in 1157 cm-1 and 510 cm-1 peaks, respectively. These peaks are in well agreement
with the peaks reported in the literature [66,67]
The Characteristic peaks of GQD are 1350 cm-1 and 1580 cm-1 which corresponds to the D and G
bands respectively [68]. The coupling of GQD to Emeraldine Green is indicated by the peak disappearances
and shifts in the spectra. A significant difference is that 1330 cm-1 of emeraldine green has been shifted to
1332 cm-1 followed by the disappearance of peaks at 1480 cm-1 and 1418 cm-1 in the GQD coupled emeraldine
green. Similarly, the peaks at 1553 cm-1 and 1579 cm-1 are not observed but replaced by 1520 cm-1. The
significant change in the spectral peaks shows the coupling of EG with GQD.
Raman Spectroscopy
The Raman spectra of the material were done on the Bruker Senterra II Raman Microscope. The
Raman spectra was done using the 732 nm laser. The peaks associated with PANI are as given in Figure 4.8
are 420 cm-1, 510 cm-1, 1180 cm-1, 1250 cm-1, 1332 cm-1, 1520 cm-1, and 1640 cm-1. The Raman peaks
corresponding to graphene are shown at 1332 cm-1 which is the characteristic of graphene (D band) due to
the breathing modes of aromatic rings that are activated by the defects, the peak at 1520 cm-1 (G bands) due
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to the in-plane vibrations of graphitic walls [70]. The spectral peaks of the EG-GQD composite material have
shown a shift in the D and G bands as well as the strong peaks due to PANI. The shift in the peaks suggests
the binding of the EG-GQD particles.
Table 4.3: Raman Peaks and their Description

Raman band
Description of the band
-1
420 cm
Out of plane deformation C-H
510 cm-1
Out of plane deformation
-1
1180 cm
C-H Bending
1250 cm-1
C-N stretch
-1
1332 cm
Well known protonated structure (conducting)
1340 cm-1
D band
-1
1520 cm
C-C stretch
1600 cm-1
G band
-1
1640 cm
Probably
2400-2600 cm-1 Broad
2D and 2 G bands
-1
-1
1340 cm is shifted as well as 1330 cm suggesting the coupling point. Indications are also seen
in C-N stretch and C-H bending.

Figure 4.8: Raman Spectra of EG-GQD composite material.

Scanning Electron Microscope
The SEM analysis was done on the Tescan-Bruker Vega 3 SEM/Xflash EDX SEM instrument. The scanning
electron microscope image of the active material coated on the sensor substrate is shown in Fig 4.9. The SEM
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image shows a combination of layered and flaky active material which agrees with the literature [71], where
in the SEM image of pure PANI in the acidic medium shows irregular sphere like flaky structures for higher
magnifications and the SEM image for GQD shows layered structure. The SEM image clearly shows GQD
flakes that are layered with disordered PANI which is almost corrugated structure suggesting the bonding of
the polymer with the GQD polymer. This morphology where both PANI and GQD are exposed on the sensor
substrate is favorable for the gas sensing as reported in the literatures [72]. Since the SEM characterization
was done after the coating of the active material onto the sensor substrate, there were limitations for placing
the sample in the chamber and could not get clear images for higher resolution.
(b)

(a)

Figure 4.9: SEM image of the active material coated on the sensor substrate (a)50µm (b)20µm

X-Ray Diffraction
The XRD patterns of the sensor coated with the active material and the EG-GQD dried powder were
done on the Bruker D8 Advance instrument. The XRD patterns on the substrate showed a broad and intense
peak between 20˚ and 30˚ (Figure 4.11). This could be due to the overlapping of the individual peaks
attributing to GQD and EG, thereby resulting in the merged peaks that are much broader. According to Dinari
et.al (2016), the XRD corresponding to EG are 15.8˚, 20.5˚ and 26.3˚ and the peaks attributed to GQD is a
broad peak around 24˚ [69]. The broadened XRD result suggests the possible binding of the EG and the GQD
material to form a composite material.
The XRD pattern of the EG-GQD dried powder, synthesized by electrochemical method, showed
different peaks than the active material applied on the sensor substrate. Peaks corresponding to EG (14.6˚,
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20.3˚, 25.9˚) and GQD (25.9˚) were distinctly present. However, as the peaks at 25.9˚ overlapped the intensity
of the peak was higher. The XRD data, suggests the possible binding of EG and GQD to form the EG-GQD
composite material and agrees with the previous data [67,69].

Figure 10.10: XRD of EG-GQD dry powder.
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CHAPTER – 5

SENSOR MEASURMENTS
This chapter discusses the experimental set up for the sensor testing along with the measurements.
The sensor was tested for carbon dioxide and methane gases. The results and the data are analyzed and
discussed in this chapter.

Experimental Setup
To test the sensitivity of the greenhouse gas (GHG) sensor, an experimental set up was developed as
shown in Figures 5.1 and 5.2. The sensitivity was tested in different stages. Firstly, the sensor was exposed
to CO2 and the response was recorded. In the later stages, the sensor was exposed to a mixture of CO2 and
methane.
The sensor coated with the active material was mounted on a glass slab and placed in a chamber to ensure
the sensor was not exposed to the atmospheric gases during the testing. Then the desired gas to test the sensor,
from the respective cylinders were passed through the Drierite, to avoid any moisture content from interfering
with the testing. The lead wires from the sensor were connected to the digital meter which was further
connected to the MeterView software to monitor the data. For sensor S3, the inbuilt heating pad leads were
connected to the power supply and used an IR thermometer and/or temperature probe for recording the data.
An exhaust tube was connected to the chamber into a beaker of water for CO2 and ethanol for CH4.
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Figure 5.1: Sensor S1 in chamber

Figure 5.2: The experimental setup for testing of the sensor.

The sensor with the active material coating was exposed to the gas, at room temperature and the sensitivity
of the material was recorded. Then, the same set of experiments were repeated at different temperatures by
applying different voltages to the substrate heating pads and corresponding responses were recorded.
However, as the temperature increased the solder on the sensor started to fall off and hence the setup has
been altered. So instead of using the sensor S1, sensor S2 was used along with the sensor S1 without the
coating of active material adjacent to the S2 with the active material to provide contactless heating. Also,
instead of using an infrared thermometer, the temperature probe of a pH meter was inserted into the chamber
to record the temperature in real time. Different set of readings were taken with the final and modified set
up, on sensors S2 and S3 with active material coated by both dip and drop coating methods.
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To record the data, the carbon dioxide tank was opened for 1 minute and the flow rate was controlled with
a gauge. Once the resistance shoots up the gas flow is closed and the sensor is left undisturbed, so the gas
adsorbed on the surface, desorbs. When the resistance reaches a stable value the gas flow is further allowed
for another minute. This was to ensure the reproducibility of the collected data at the same temperature. Then
the voltage is changed in the power supply unit and time was allowed to pass until the temperature in the
chamber reaches the desired value and then the gas flow was opened.
For the next study, the sensor was exposed to carbon dioxide gas initially. The change in the resistance
was recorded until a steady value is obtained that was followed by introduction of methane gas into the
chamber. For this study, methane was injected into the chamber under controlled conditions.
As the CO2 gets adsorbed onto the surface, the hindrance to the flow of the electrons is higher
causing increased resistance. The conducting polymer, EG has greater interaction with CO2 than graphene
causing higher change in resistance in comparison with just graphene reacting to CO2. The EG-GQD
composite material has better encapsulation onto the sensor substrate due to the larger surface area provided
by the graphene particle. As the CO2 is slowly introduced to the chamber, an equilibrium is reached between
the active material and the gas, wherein the change in resistance of the sensor becomes saturated.

Sensitivity tests for the sensor
The sensor was constructed based on the chemiresistive properties of the EG- GQD composite
material and was tested for carbon dioxide and methane gases. The original agenda was to test the sensor on
most of the greenhouse gases. But the closure of the lab due to the pandemic situations have resulted in just
testing the sensor on the two gases. The results of the tests are discussed below.
Sensitivity to Carbon dioxide
Sensitivity at room temperature
The level of carbon dioxide in the atmosphere is approximately 410 ppm [1]. The study was
conducted for a concentration of 200 ppm of Carbon dioxide in the controlled chamber. Figure 5.3 (a) shows
the MeterView reading of when the sensor is exposed to the carbon dioxide gas and is allowed to desorb over
220 minutes. The initial resistance of the sensor was 2.6 kΩ which on the exposure to the carbon dioxide gas
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which shot to 3.36kΩ and reached an almost steady value of 2.757 kΩ in 140 minutes. The sensor was left
in the chamber undisturbed over the time to observe the time taken for the desorption of the gas to attain an
almost steady level.

(a)

(b)

Figure 5.3: (a) MeterView reading showing the sensor response to carbon dioxide (b) Plot showing the sensitivity of
the sensor to CO2
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Figure 5.3 (b) shows the sensitivity of the sensor to the carbon dioxide. The sensor responds to the gas in 46
seconds and gets saturated. The sensor response time in this case was fast. The gas was allowed to flow in
for 1 minute at a pressure of 5 psi. The sensor does not recover back to the initial resistance but to slightly
higher resistance value. The response time of a sensor is one of the most important parameters to be
considered. Response time can be defined as the time required by the sensor to reach 90% of the total response
and in this case it 46 seconds which is a fast response time for carbon dioxide by an electrochemical sensor
[75].
Sensitivity at different temperatures
The sensitivity to carbon dioxide at different temperature was measured as the sensor was designed
to function based on the different desorption temperatures of gases. The study was done at 22˚C, 25.7˚C and
31.9˚C. One limitation was that at higher temperature the lead wires got disconnected as the solder was
melting. Figure 5.4 shows the response of sensor at different temperatures (22˚C, 25.7˚C and 31.9˚C). In all
the cases the response time of the sensor was lesser than 60 seconds and the best response time was at room
temperature.

Figure 5.4: Sensor response to 200ppm of carbon dioxide at different temperatures.

67

Sensitivity at different gas flowrates.
The flowrate of the gas from the cylinder can be controlled by changing the pressure. The flow rate
of the gas was kept constant throughout the experiment and maintained at 5 psi. However, the pressure was
changed to study the effect of change in the flow rates. The measurements were taken at a pressure of 5 psi,
15 psi and 25 psi. However, at 25 psi the flowrate was too high for the sensor as the surface area of the sensor
is very small and hence the sensor did not respond. Figure 5.5 shows the response of the sensor to different
flowrates. The sensor response was better at 5 psi. It could be that at a faster rate the active surface of the
sensor got saturated with the gas faster. The change in resistance was much larger at 5 psi (∆R ≈ 2.5kΩ)
compared to 15 psi (∆R ≈ 1 kΩ).

Figure 5.5: Sensor response to carbon dioxide at different flowrates.

Sensitivity to Methane
The level of methane in the atmosphere is 1320 ppb [1] which is much lower than the concentration
of the carbon dioxide in the atmosphere. It is important to study the interference of different greenhouse gas
on the sensor. The sensor was exposed to methane gas in the exact same conditions as carbon dioxide.
Methane gas was allowed to flow at 5 psi for 1 minute into a 250 mL chamber and the observations are shown
in Figure 5.6.
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Figure 5.6: Sensor response to methane.

For the same conditions, the response time of the sensor (2.5 minutes) is higher for methane gas
than that of carbon dioxide gas. However, the resistance change is much larger for methane gas. The
resistance increased from 3.675 kΩ to 12.13kΩ making the ∆R value for methane to be 8.455 kΩ which is
much higher than the ∆R value for carbon dioxide which is 2.5 kΩ.
Sensitivity to Methane and Carbon dioxide
After the sensor was exposed to both carbon dioxide and methane gases individually, the experiment
was performed in two ways. In the first method, the sensor chamber was allowed to be saturated with carbon
dioxide and the resistance change was noted for 30 minutes. After 30 mins, the methane gas was allowed to
pass through the chamber at 5 psi for 1 min. The changes were noted for thirty minutes, and the process was
repeated.
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methane injected at 90 min
methane injected at 60 min

methane injected at 30 min

Figure 5.7: Sensor response to exposure to carbon dioxide first followed by methane gas in 30 minutes.

The initial resistance of the sensor was 4.3 kΩ. on exposure to the carbon dioxide gas, it increased to
5.24 kΩ and shows a slow recovery to 5.15 kΩ. However, as the methane gas was allowed to flow in for one
minute, a sudden dip in the resistance was seen (4.98 kΩ) in Figure 5.7. This dip in resistance could be
because of the sudden flow of methane gas into the chamber. With each time the dip was seen to increase
which was then followed by the increase in the resistance which is in accordance with the response of the
sensor to methane gas as seen earlier.
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0.6mL of methane injected at 30 min

0.6mL of methane injected at 60 min

Figure5.8: Sensor response to atmospheric levels of carbon dioxide and methane gas.

The amount of methane gas in the atmosphere is smaller than the amount of carbon dioxide gas in
the atmosphere. 0.6 mL of methane gas was injected into the chamber to study the interference of methane
gas and carbon dioxide gas on the sensor. The sensor with an initial resistance if 1.3 kΩ was exposed to 200
ppm of CO2 gas. The 250 mL sensor chamber was allowed to be saturated with carbon dioxide gas at 5 psi
to attain this concentration and the resistance was noted. Then 1320 ppb (0.6 mL) of methane gas was injected
with a syringe. The sensor showed no significant change with the exposure to methane gas. The interference
of methane gas and carbon dioxide gas for the sensor is negligible.
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CHAPTER – 6

CONCLUSIONS AND PROPOSED FUTURE WORKS
Conclusions
In this study, a novel Emeraldine Green - Graphene Quantum Dot (EG-GQD) composite material
was synthesized electrochemically. This material was characterized and used to design and fabricate a
greenhouse gas sensor to measure the atmospheric greenhouse gases without interference from each other.
The electrochemical studies carried out with GQD electrode on aniline oxidation, has revealed for
the first time that the oxidation is very efficient in producing emeraldine green and the magnitude of current
is higher than what is generally observed at a glassy carbon electrode. When GQD is dispersed in solution
along with aniline, the magnitude of the cyclic voltammetric peak current is reduced at a glassy carbon
electrode in comparison to aniline alone in the medium. This has been attributed to the binding of aniline
with GQD resulting in the fall in the value of the diffusion coefficient. The studies further demonstrated that
with GQD, it is possible to achieve the formation of emeraldine green selectively compared to a mixture of
emeraldine green, leuco emeraldine and polyaniline that is obtained at other electrodes.
The construction of the sensor with heating pad is achieved using emeraldine coupled GQD has
resulted in the study of behavior of greenhouse gases. The sensor was designed based on two principles:
1.

The sensor responds to the analyte gas and provides information on the concentration.

2.

Desorption Temperature. The temperature at which, each greenhouse gas adsorbed onto the sensor desorbs
is an individual characteristic of the gas and by using a thermal pulse corresponding to the gas, other gases
besides the analyte can be eliminated from the surface and measured without interference.
The novel composite material was synthesized both electrochemically and chemically. The
electrochemical characterization of the EG-GQD composite material demonstrated that the GQD electrode
oxidizes aniline lot more efficiently than glassy carbon electrode. The electro polymerization of aniline on
GQD electrode showed results that are favorable towards the sensing properties of the active material in
comparison to the electro polymerization of the aniline in GQD medium. The UV- Visible spectroscopy scan
showed both leucoemeraldine and emeraldine green peaks and the shift in the EG peak for the composite
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suggests the binding of the GQD material with the EG, thus suggesting the formation of EG-GQD composite
material, the desired active material for the sensor as the EG is the highly reactive form of PANI polymer.
The FTIR spectra and Raman spectra shows significant changes in the peaks, further supporting the
binding of the EG-GQD composite material. The SEM images also supports the binding of the polymer and
the GQD material. The XRD of the powdered sample of the active material is also in agreement with the
above discussed data.
The active material was transferred to the sensor substrate and calibrated. The sensor testing was
repeatedly done, and it was found that the sensor response time for carbon dioxide gas is 46 seconds, and the
sensor recovers in several minutes to near starting value. The complete recovery depends on the complete
expulsion of the adsorbed gas. The sensor showed the best response at room temperature and due to the
melting of solder at temperatures as high as 80˚C further studies could not be carried out.
The sensor response time and ∆R was higher for methane gas. When exposed to both carbon dioxide
and methane gas at atmospheric concentrations, the sensor response to methane gas was negligible and hence
can be concluded that there is no interference from methane gas for measuring the carbon dioxide gas at
atmospheric concentrations.

Future Work
The current research has given some exciting findings, which has scope and potential to be extended into
future work. The research can further be extended to the following:
•

Analyze the structural morphology of the active material and conduct more studies on it as it is a material
with high potential, owing to the conducting nature with larger surface area.

•

The electrochromic nature of the active material will provide pathways to build panels with different colors
upon application of DC voltages. The sensitivity of the sensor to other greenhouse gases can be studied and
the interference can be analyzed.
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APPENDIX
1.

Wearable Fabric Sensor Potentiality
In recent years, there is immense interest in developing wearable electronic sensors as they provide

greater and faster information. Recently, sensors for detecting pressure [1], touch gestures [2], strain [3],
temperature [4] as well as disease biomarkers and cellular metabolites [5,6] have been integrated into
wearable fabrics. There is probably very little or none, available for sensing greenhouse gases in the
atmosphere. There has been also an interest in developing electrochromic fabrics [7,8] where applying a
small DC voltage, the fabric color could be changed. The future of conducting polymers in these areas have
been predicted by McDiarmid in his Nobel award address but none have reached yet a technological arena.
In several of these applications, there has been a need to add metals into conducting polymers for the devices
to give satisfactory responses.
Based on the results discussed in the thesis, it is apparent that Emeraldine-GQD active material can
sense greenhouse gas carbon dioxide with negligible interference from methane. This led to the construction
of interdigitated gold electrode with thermal pad as sensor for these gases. For developing a fabric for sensing
greenhouse gases, we approached three ways. In the first approach, we chemically prepared emeraldine-GQD
composite material suspension and painted on a cotton fabric and allowed it to dry in a furnace at 75oC for
24 hours (Fabric 1). In the second approach, we prepared emeraldine-GQD by electroless deposition with the
fabric in the bath (Fabric 2). In the third approach the electroless deposition is carried out without GQD
(Fabric 3). The three samples were analyzed in detail.
In the first approach, 2 ml of freshly distilled aniline was dissolved in 200 ml 1M HCl in a beaker
and cooled to about 0-5oC by placing it in an ice bath. To this solution 1.15g of potassium persulfate in 1M
HCl was added slowly with stirring. The mixture was magnetically stirred for about 6 hours until a green
precipitate was obtained. The precipitate was filtered and washed several times until the filtrate tested neutral.
The precipitate is dried at 80oC for about 12 hours. The emeraldine green is stored in a dark bottle.
In the second approach, 2ml of freshly distilled aniline was dissolved in 200 ml HCl in a beaker.
To this solution, 5 ml GQD (4.35mg) and 1.15 g of saturated potassium persulfate in 1 M HCl was added
and magnetically stirred for 6 hours until greenish black precipitate was obtained. The precipitate was filtered
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and washed several times until the filtrate is neutral. The precipitate was dried at 80o C for 24 hours. The
sample, EG-GQD is stored in a dark bottle.
In the third approach, the procedure of making EG-GQD is modified by having the cotton fabric in
the medium during the polymerization of aniline. When the solution is filtered, the fabric remained on the
funnel. It is taken out and washed and dried further.
2. Appearance of fabrics
Figure 1 gives the cotton fabric made with hand painted EG-GQD.

Figure 11: Hand painted by brush, EG-GQD

The adsorption of the composite is uneven, probably due to the material having starch in the
processing or finishing stages of the fabric. Figure 2 shows a comparative finish of the fabrics made during
the synthesis.
a

b

Figure 12:a) Synthesized fabric with EG-GQD and b) Synthesized fabric with EG

Figures 2a and 2b showed a uniform coating of the fabric with the composite except for the
appearance. The material with EG-GQD showed blackish green color with high conductivity whereas the EG
synthesized fabric was green in color with a lower conductivity. Table 1 gives the measured resistances of
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the three different samples. The electrical resistance of the materials was measured using digital voltmeter
connected to MeterView and computer.
Table 3: Resistances of the fabrics by two probe methods

Material

R(kΩ)

Fabric 1

Uneven

resistances;

regions

of

infinity
Fabric 2

4-13

Fabric 3

20-22

The data in Table 1 shows that the fabric with EG-GQD is having a higher conductivity compared
to fabric with EG alone.
3. Characterization of Fabrics
The fabrics were examined by Fourier transform infrared spectroscopy and Raman spectroscopy.
Since Fabric 2 corresponded to the sensor described in the thesis, it was examined in detail.

Figure 13:FTIR spectrum of Fabric 2.
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Figure 3 shows the infra-red spectrum of Fabric 3, which had distinct peaks at 2348 cm-1, 1560 cm1

, 1482 cm-1, 1301 cm-1, 1301 cm-1, 1246 cm-1, 1102 cm-1,1008 cm-1, 881 cm-1 and 800 cm-1. In comparison

to Fabric 3 (Figure 4) which had peaks at 2349 cm-1, 1576 cm-1, 1490 cm-1, 1303 cm-11247 cm-1,1102 cm-1
and 801 cm-1, Fabric 2 showed a shift in all the peaks due to the presence of GQD. The characteristic peak
corresponding to EG at 1579 cm-1 which is due to C=C stretching vibration of quinonoid ring and the peaks
at 1418 cm-1 and 1480 cm-1 corresponding to C=C stretching vibration of benzenoid ring can be recognized
in the spectrum. A noticeable feature in Fabric 2 is distinct in plane bending of C-H stretching at 1102 cm-1
visible that is masked in Fabric 3. To establish the presence of GQD in Fabric 2, Raman spectrum was
examined.

Figure 14:FTIR spectrum of Fabric 3

4. Raman Spectrum
GQD is well studied by Raman spectroscopy in the literature (9-12) and is known to have D band
at 1350 cm-1 and G band at 1582 cm-1. Besides 2D and 2G bands at farther wavenumber (2600-2700 cm-1)
showed the phonon assisted transition. Fabric 2 Raman spectrum is shown in Figure 5 which showed the
distinct features of graphene.
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Figure 15: Raman spectrum of Fabric 2

5. Conclusions
It has been shown that in situ coating of a cotton fabric produces a uniform and well adhering conducting
fabric suitable for greenhouse gas sensor. The conducting fabric has been characterized by FTIR and Raman
spectroscopy, which distinctly establishes the presence of graphene in the fabric.
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